Research in context sectionEvidence before this studyAmyloid precursor protein (APP), best known for its association with Alzheimer disease, has recently suggested to play oncogenic roles in breast cancer. However, the precise mechanism involved remains unclear.Added value of this studyHere, we provided evidence on its proteolytic cleavage in breast cancer functions, particularly in non-luminal breast cancers. APP was demonstrated to undergo proteolytic cleavage by ADAM10 to promote proliferation and migration in breast cancer cell lines. Overexpression of soluble APPα fragment could rescue the effects of ADAM10 inhibition. Importantly, their co-expression was particularly associated with adverse outcome in non-luminal breast cancers (included both HER2-overexprsesing and triple negative cancers).Implications of all the available evidenceADAM10 inhibition has been tested in a clinical trial for treatment of HER2 positive breast cancer. The current results may suggest a boarder application of ADAM10 inhibition also in triple negative cancers. Our observations suggested the potentials in targeting of APP or its processing by ADAM10 for the treatment in these cancers and further support on APP as a biomarker in clinical breast cancer.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Aberrant processing of amyloid precursor protein (APP) to release amyloid-β is a crucial event in the pathogenesis of Alzheimer\'s disease (AD). APP is a highly pleiotropic protein involved in a number of cellular functions, including cell survival, cellular adhesion, differentiation and migration \[[@bb0005]\]. All these processes are also essential for carcinogenesis. Apart from pathogenesis of AD, the oncogenic role(s) of APP have been suggested recently in breast cancers \[[@bb0010], [@bb0015], [@bb0020]\]. Indeed, APP knockdown (KD) in breast cancer cells caused growth inhibition in vitro and in vivo with the induction of p27 and caspase-3-mediated apoptosis \[[@bb0010]\]. Moreover, its downregulation also reduced breast cancer motility. In clinical samples, we and others have shown an unfavorable prognostic role of APP expression in patients with different subtypes of breast cancers \[[@bb0015],[@bb0025]\]. However, it is yet to be defined how APP mediates these various functional effects in breast cancer.

APP can undergo sequential cleavage via two mutually exclusive pathways into biologically active fragments. In the amyloidogenic pathway which is associated with AD, APP is cleaved by β-secretase and γ-secretase to generate soluble N-terminal ectodomain APP-β (sAPPβ), pathogenic amyloid-β peptide and APP intracellular domain (AICD). In the non-amyloidogenic pathway, α-secretase (ADAM10 and/or ADAM17) cleaves APP within the amyloid-β sequence, following by γ-secretase cleavage to generate sAPPα, P3 fragment and AICD \[[@bb0005]\]. These APP cleavage products may contribute to carcinogenesis. In lung cancers, the C-terminal AICD fragment was indicated in regulation of cell cycle progression \[[@bb0030]\]. In other cancers, the N-terminal sAPP fragment can be detected in conditioned medium from cancer cell lines \[[@bb0035], [@bb0040], [@bb0045], [@bb0050]\]. The sAPP fragment was suggested to promote cancer cell proliferation \[[@bb0040],[@bb0045],[@bb0055]\]. In breast cancers, both α-secretases, ADAM10 and ADAM17, have been implicated in cancer progression and were found to be aberrantly expressed. It is possible that APP may undergo α-cleavage to mediate its oncogenic functions in breast cancers.

In the current study, we examined the expression of APP, ADAM10 and ADAM17 in different breast cancer cell lines and explored the role of APP processing in breast cancer pathogenesis. The relationship between APP and α-secretase expression was also examined in clinical breast cancers. We showed that expression of APP and the proteolytic fragments from α-cleavage could be detected in breast cancer cells. Inhibition of APP expression using RNA interference decreased breast cancer growth and migration in vitro and in vivo. In contrast, opposite effects were observed with sAPPα or full length APP overexpression. Knockdown of ADAM10, but not ADAM17, inhibited α-cleavage of APP. Overexpression of sAPPα can reverse the effect of ADAM10 knockdown in tumor cells. Importantly, there was a significant correlation of APP and ADAM10 expression in non-luminal breast cancer samples and co-expression of both proteins conferred unfavorable clinical outcome. This preclinical study and clinical data analysis supported the involvement of APP and its processing in the development of breast cancer.

2. Materials and methods {#s0025}
========================

2.1. Cell lines and materials {#s0030}
-----------------------------

MDA-MB231, MCF7, BT-549, MDA-MB468 and ZR-75-1 were grown in RPMI supplemented with 10% (vol/vol) fetal bovine serum (FBS). SK-BR-3 was grown in McCoy5A supplemented with 10% FBS. Cell lines were obtained from the American Tissue Culture Collection and maintained in a 37 °C CO~2~ humidified incubator. Cell line identity was confirmed by analysis of Short Tandem Repeat Loci. Cells were routinely tested for mycoplasma infection.

The primary antibodies used were as follows: anti-α-tubulin (DMIA; Sigma), anti-β-actin (C4, Santa Cruz); anti-APP N terminus (22C11; Millipore), anti-sAPPα (2B3, Immuno-Biological Laboratories), anti-sAPPβ (poly8134, Biolegend), anti-ADAM10 (polyclonal; Origene), anti-ADAM17 (H-300; Santa Cruz) and Ki67 (41,912; Ventana). Validation of sAPP antibodies was shown in Supplementary Fig. S1.

The mammalian expression constructs for APP (pCAX-APP751) and sAPPα (pCAX-APPs-751-alpha) were obtained from Addgene. On-Targetplus siRNA oligonucleotides against APP (SMARTpool L-003731-00-0020) and control non-target siRNA pool (D-001810-10-50) were purchased from Dharmacon. siRNA sequences for knockdown of ADAM10 and ADAM17 reported previously (ADAM10: AGACAUUAUGAAGGAUUAUdTdT and ADAM17: GAGAAGCUUGAUUCUUUGCdTdT) were synthesized by Dharmacon \[[@bb0060]\]. As a negative control, an unspecific scrambled siRNA duplex (5′-AGG UAG UGU AAU CGC CUU GTT-3′) was applied.

2.2. Patients and tissues {#s0035}
-------------------------

Consecutive excision cases from patients with invasive breast cancer were selected from 3 involved institutions over a period of 4 (2002--2005), 7 (2003--2009), and 4 (2003--2006) years. Information on patients\' age, sex, tumor size, pT stage, pN stage and outcome data were obtained from medical reports. The original H&E slides for each case were retrieved and reviewed by two pathologists independently. Histologic diagnosis was made according to the WHO Classification of Tumors of the Breast (4th ed) \[[@bb0065]\]. The tumors were graded basing on modified Bloom and Richardson grading \[[@bb0070]\]. Any discrepancies were resolved at a multi-head microscope by discussion to reach a consensus. Breast cancer specific survival (BCSS) was defined as the time from surgery to death from breast cancer. Disease free survival (DFS) was defined as the duration from the time of surgery to initial diagnosis to the first detection of breast cancer specific relapse or death. Tissue microarray was constructed from representative tumor regions of paraffin embedded specimens for immunohistochemistry. The study was approved by Joint Chinese University of Hong Kong-New Territories East Cluster clinical research ethics committee.

2.3. Cell transfection {#s0040}
----------------------

For knockdown of APP, ADAM10 or ADAM17, siRNA to the respective mRNA were transfected into cells using Lipofectamine RNAiMAX according to the manufacturer\'s protocols. Briefly, cells were seeded in 24-well plates at 1 × 10^4^ cells/well and transfected with 6 pmol of siRNA. Cells were collected at 48--72 h post-transfection for further analysis. For over-expression, cells were seeded in 24 well plates at 1 × 10^5^ cells/well and transfected with 500 ng of plasmid using Lipofectamine2000 (Invitrogen) according to the manufacturer\'s instruction. For co-transfection experiments, same protocol for over-expression was employed but with 250 ng of plasmid and 6 pmol of siRNA. The efficiency of knockdown/overexpression was determined using immunoblot analysis.

2.4. Immunoblotting {#s0045}
-------------------

Cells were lysed in ice-cold RIPA buffer \[50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate and 0.1%SDS\] containing protease inhibitors (Biotool) and 1 mM Na~3~VO~4~. Protein quantitation was performed against BSA standard using RC DC Protein Assay (Bio-Rad). Samples containing equal amounts of protein were separated under reducing conditions using SDS-PAGE and the proteins transferred to PVDF membranes (Millipore, Watford, UK). Blots were blocked with 5% milk in TBST and primary antibody was incubated overnight. Bound antibodies were detected with peroxidase-conjugated secondary antibodies and Enhanced Chemiluminescence reagents (Amersham, Menlo Park, CA, USA).

2.5. Cell proliferation assay {#s0050}
-----------------------------

The cell proliferation reagent CCK-8 (Biotool) was used to determine the rate of cell proliferation. Cells were seeded into a 96-well plate at a density of 1 × 10^3^ cells per well. Cell viability was estimated at day 3--5. The absorbance in each well was measured at a wavelength of 450 nm and normalized using a wavelength of 690 nm, detected by the Victor 3 (Perkin Elmer).

2.6. Invasion and migration {#s0055}
---------------------------

Transwell migration and invasion assays were carried out using Boyen chamber system. Cells were cultured in serum-free medium overnight. For migration assays, 1 × 10^5^ cells in 0.2 ml serum free medium were placed in the upper chamber with a non-coated polycarbonate membrane (24 well insert; 8 μm pore size, Corning, Cambridge, MA, USA) and 0.5 ml medium containing 10% FBS were added into the lower chamber. The cells were allowed to migrate for 8 h in the lower chamber. Migrated cells to the lower surface of the filter were stained with 0.5% crystal violet and counted under bright field microscope. For invasion assays, cells were placed in the upper chamber with a matrigel-coated membrane (8 μm pore size, BD BioCoat Matrigel) and allowed migrated for 22 h.

2.7. Xenograft mouse model {#s0060}
--------------------------

The control and APP knockdown MDA-MB231 (1 × 10^6^) cells were prepared in the solution (1:1) of PBS and growth factor-reduced matrigel and followed by injection into mammary fat pads of female athymic nude mice (5-week-old nu/nu strain BALB/cAnN.Cg-Foxn1nu/CrlNarl). Tumor growth was monitored weekly by measuring perpendicular tumor diameters, length (L) and width (W), with a Vernier caliper. The tumor volume (V) was calculated as V = LW^2^/2. Mice were sacrificed at the end of the experiments by cervical dislocation and the tumors were preserved for further analysis. Ethical approval was obtained from the University Animal Experimentation Ethics Committee (AEEC), CUHK, and the animal license was approved by the Hong Kong Government, Department of Health.

2.8. Immunohistochemistry {#s0065}
-------------------------

4-μm sections from tissue microarrays (TMA) were used for IHC analysis of APP and ADAM10. Immunohistochemical (IHC) staining of APP (clone 22C11) and ADAM10 were performed on the TMA slides using Ultraview Universal DAB Detection Kit (Ventana, Tucson, AZ) after deparaffinization, rehydration, and antigen retrieval. They were counterstained with hematoxylin. Protein expression was assessed for staining intensity and the actual percentage of stained cells in tumor cells by two of the authors blinded to the clinical information and the staining results of other markers.

2.9. Statistical analysis {#s0070}
-------------------------

The findings were analyzed using the statistical software SPSS for Windows, Version 23. Chi-square analysis or Fisher exact test was used to test for the association of APP expression with categorical variables. Survival data were evaluated with Kaplan--Meier analysis with a log-rank test. The Student\'s *t*-test was used in the in vitro and in vivo experiments. One-way ANOVA followed by Turkey post-hoc comparisons were performed for comparing means of multiple groups. Statistical significance was established at p \< 0.05.

3. Results {#s0075}
==========

3.1. APP undergoes proteolytic cleavage in breast cancer cell lines {#s0080}
-------------------------------------------------------------------

We examined APP protein levels in breast cancer cell lines, MCF7, BT-549, MDA-MB231, MDA-MB468, SK-BR-3 and ZR-75-1 using antibody recognizing the APP N-terminus (clone 22C11). The results showed that three triple negative breast cancer cell lines, BT-549, MDA-MB231 and MDA-MB468, showed the highest level of APP expression while SK-BR-3 (ER-HER2+) showed intermediate APP level and MCF7 and ZR-75-1 had the lowest APP expression, indicating that APP showed a differential expression in different breast cancer cell lines ([Fig. 1](#f0005){ref-type="fig"}A). Multiple bands observed corresponded to the mature and immature forms of APP with different degree of post-translational modifications \[[@bb0075]\]. In addition, soluble APP (sAPP) can be secreted by breast cancer cells into the culture supernatant. APP in the conditioned supernatant can be detected using antibodies against the N-terminal domain of APP (22C11) and sAPPα specific antibody, but not antibody specific for APPβ indicating that APP underwent α-cleavage to produce sAPPα in breast cancers ([Fig. 1](#f0005){ref-type="fig"}B).Fig. 1Expression of APP and its proteolytic product in breast cancer cell lines. (A) Immunoblot analysis using an antibody against APP N-terminal (clone 22C11) showing differential expression of APP on breast cancer cell lines BT-549, MDA-MB231, MCF7, MDA-MB468, SK-BR-3 and ZR-75-1. α-tubulin was used as a control. Densitometric analysis of APP expression from triplicate experiments was shown at the lower panel. (mean ± SD; n = 3). (B) Conditioned medium from cell line culture was examined using antibodies specific for sAPPα and sAPPβ, in addition to clone 22C11. Secretion of sAPPα, but not sAPPβ into cell culture supernatant can be detected. All experiments were performed at least three times.Fig. 1

3.2. Knockdown of APP affected breast cancer functions {#s0085}
------------------------------------------------------

Functional roles of APP in breast cancer were further examined by the knockdown approach using APP specific siRNAs. Cells transfected with non-targeting siRNAs were used as controls. Both mRNA and protein expression of APP were markedly reduced in APP-KD BT-549 compared with controls after siRNA transfection ([Fig. 2](#f0010){ref-type="fig"}A). The effect of APP KD in cell proliferation was examined by CKK-8 assay. A significant reduction of cell growth in the KD cells was observed, compared to the control ([Fig. 2](#f0010){ref-type="fig"}B). Since APP expression has also been associated with metastasis in breast cancer patients \[[@bb0025]\], we examined the efficiency of APP KD cells in migration and invasion across Boyen chamber. APP KD significantly reduced both cell migration and invasive ability of breast cancer ([Fig. 2](#f0010){ref-type="fig"}C). Similar results were observed using MDA-MB231 cell lines (data not shown). To further confirm the in vitro findings, we examined the effect of APP KD in the tumor xenograft mouse model using MDA-MB231. Control or APP KD MDA-MB231 cells were injected into the mammary fat pad of nude mice. The mice were maintained for 4--6 weeks. Consistent with the in vitro findings, there was a significant difference in tumor volume between APP KD and control cells. Additionally, the tumor xenografts from APP KD cells showed a lower level of Ki67 expression ([Fig. 2](#f0010){ref-type="fig"}D). The data supported the multiple functional roles of APP in breast cancer progression.Fig. 2APP Knockdown affects breast cancer functions. (A) Knockdown of APP by siRNA in breast cancer cell line (BT-549) resulted in marked reduction of APP expression in both mRNA and protein level. Knockdown of APP was verified in qRT-PCR using SYBR green and western blot of the cell lysate (insert) using anti-APP antibody clone 22C11 with β-actin as control were shown. (mean ± SD; n = 3). Statistical analysis was performed using student *t*-test. \*\*\*p \< 0.001. All experiments were performed at least three times. (B) APP knockdown resulted in a reduction in cell proliferation. KD or control cells (1 × 10^3^) were seeded in a 96 well plate and cell proliferation was measured at day 4 by CCK8 assay. (mean ± SD; n = 3). Statistical analysis was performed using student *t*-test. \*\*\*p \< 0.001. All experiments were performed at least three times. (C) Inhibition of APP reduced both migration and invasion of breast cancer. Cells (1 × 10^5^) were seeded with 0.2 ml serum free medium in the upper chamber of Boyen chamber after overnight serum starvation. 0.5 ml medium supplemented with 10% FBS was added to the lower chamber. Migration was evaluated for 22 h. For invasion, cells were placed in an upper chamber with matrigel coated membrane. (mean ± SD; n = 3). Statistical analysis was performed using student *t*-test. \*\*\*p \< 0.001; \*\*p \< 0.01. All experiments were performed at least three times. (D) APP knockdown modulated breast cancer growth in vivo. APP KD MDA-MB231 or control cells (1 × 10^6^) were injected into the mammary fat pad of nude mice and allowed to grow for 5 weeks. Tumor growth was measured twice weekly with a caliper (left panel). Ki67 level of the xenograft was analyzed by immunohistochemistry. Representative Ki67 and H&E stainings from each group were shown at the insert. (mean ± SD; n = 3). Statistical analysis was performed using student t-test. \*\*p \< 0.01; \*p \< 0.05. The in vivo data were reproduced in independent xenograft studies.Fig. 2

3.3. Overexpression of APP enhances breast cancer function {#s0090}
----------------------------------------------------------

To examine whether full length or cleaved soluble protein is required for the functional effects of APP in breast cancer, MDA-MB231 was overexpressed with either full length APP or sAPPα and the effects on proliferation and migration were examined. Overexpression of full length protein significantly enhanced the proliferation of MDA-MB231, similarly for its migratory capacity. Interestingly, transfection with sAPPα construct can also significantly promote proliferation and migration in breast cancer compared to control (ANOVA p \< 0.05; Supplementary Table S1) ([Fig. 3](#f0015){ref-type="fig"}). Of note, the extent of their effects appeared to be different in different breast cancer functions. Similar results were also obtained with MCF7 cells which expressed a low level of APP (Supplementary Fig. S2).Fig. 3Overexpression of full length APP and sAPPα enhanced breast cancer proliferation and migration. (A) Expression of full length or sAPPα promoted proliferation in breast cancer cell line (MDA-MB231). MDA-MB231 was transfected with full length (FL), sAPP or control (CTR) construct and were seeded (1 × 10^3^) in a 96 well plate. Western blotting analysis for APP expression after transfection was shown (insert). Cell proliferation was measured at day 4 by CCK8 assay. (mean ± SD; n = 3). Statistical analysis was performed using student *t*-test. \*\*\*p \< 0.001. (B) APP overexpression enhanced migration of breast cancer. Cells transfected with different APP constructs (1 × 10^5^) were seeded with 0.2 ml serum free medium in the upper chamber of Boyen chamber after overnight serum starvation. 0.5 ml medium supplemented with 10% FBS was added to the lower chamber. Migration was evaluated for 22 h. (mean ± SD; n = 3). Statistical analysis was performed using student t-test. \*\*\*p \< 0.001. All experiments were performed at least three times.Fig. 3

3.4. ADAM10 but not ADAM17 is responsible for APP processing in breast cancer {#s0095}
-----------------------------------------------------------------------------

Both ADAM10 and ADAM17 were implicated in α-cleavage of APP. To investigate their role(s) in APP processing in breast cancers, we first examined their expression in breast cancer cell lines by immunoblotting. Both ADAM10 and ADAM17 can be detected in breast cancer cell lines. Using the antibody mainly detected the pro-protein, a differential expression of ADAM17 in different cell lines was observed, with the highest expression in MDA-MB231, followed by BT-549. ADAM10 showed high expression across different lines ([Fig. 4](#f0020){ref-type="fig"}A). The ADAM10 antibody supposedly recognizes both mature and pro-protein. It appears that the mature ADAM10 was predominantly observed. In line, a high level of ADAM10 expression could be detected also on the cell surface in different cell lines by flow cytometry. However, the surface expression was low for ADAM17 in all cell lines (Supplementary Fig. S3). In order to determine which ADAM is required for APP processing in breast cancers, siRNA specific for ADAM10 or ADAM17 was transfected into breast cancer cell lines and the release of sAPPα was determined. Effective downregulation of ADAM10 and ADAM17 expression was shown by immunoblotting. ADAM10 KD, but not ADAM17 KD reduced the release of sAPPα into culture supernatant ([Fig. 4](#f0020){ref-type="fig"}B). Similar results were obtained using ADAM10 (GI254023X) and ADAM17 (TAPI-2) inhibitors (Supplementary Fig. S4). Of note, a higher level of APP expression could be detected in cell lysates after ADAM10 KD, probably indicating an accumulation of full length APP. In addition, upon ADAM17 KD, an increased level of sAPP was detected in the supernatant, possibly due to the compensatory upregulation of ADAM10 upon ADAM17 KD \[[@bb0080]\]. The residual level of sAPPα detected upon ADAM10 siRNA transfection could be due to incomplete knockdown and possibly ADAM10 independent cleavage of APP by other proteases \[[@bb0085]\].Fig. 4ADAM10 and ADAM17 in APP processing of breast cancer cell lines. (A) Immunoblot analysis using antibodies against ADAM10 and ADAM17 showed the expression of both proteins in breast cancer cell lines (BT-549, MDA-MB231, MCF7, MDA-MB468, SK-BR-3 and ZR-75-1). β-actin was used as a control. Densitometric analysis of protein expression on the predominant form detected (pro-ADAM17 and mature ADAM10) from replicate experiments were shown at the lower panel. (mean ± SD; n = 3). (B) Knockdown of ADAM 10 but not ADAM17 showed reduced sAPP level in conditioned medium from cell line culture. Breast cancer cell line (MDA-MB231) was transfected with ADAM10 or ADAM17 siRNA showed a marked reduction in protein and mRNA expression. A decreased level of sAPP in the conditioned supernatant was found with ADAM10 but not ADAM17 knockdown. Densitometric analysis of APP and sAPP was shown at the right panel. (mean ± SD; n = 3). Statistical analysis was performed using student *t*-test. \*\*\*p \< 0.001. All experiments were performed at least three times.Fig. 4

3.5. Functional effect of ADAM10 knockdown can be reversed by sAPPα expression {#s0100}
------------------------------------------------------------------------------

Having confirmed the effect of ADAM10 on sAPPα production, next, we examined whether ADAM10 KD showed similar functional effects as APP KD. MDA-MB231 was transfected with ADAM10 siRNA and the effects on proliferation and transwell migration were determined. Similar to APP KD, there was a reduction in proliferation and migratory capacities of ADAM10 KD cells as compared to the controls ([Fig. 5](#f0025){ref-type="fig"}A and B). To investigate whether the effects of ADAM10 KD were mediated by inhibition of sAPPα generation, ADAM10 siRNA was co-transfected with sAPPα construct into MDA-MB231 cells. In cells with co-transfection of control plasmid, a reduction in migration was found after ADAM10 KD compared to control siRNA. Interestingly, co-transfection of sAPPα can revert the inhibitory effect of ADAM10 KD ([Fig. 5](#f0025){ref-type="fig"}C). In contrast, the overexpression of the full length construct did not appear to have a similar effect (ANOVA p \< 0.05; Post-hoc tests showed significant differences between group except CTRsi+CTR Vs ADAM10si + sAPP and ADAM10si + CTR Vs ADAM10si + FL, Supplementary Table S2). Rescue effects were also observed for sAPPα and full length APP in proliferation (Supplementary Fig. S5).Fig. 5Effect of ADAM10 knockdown in breast cancer partly reversed by sAPPα expression. (A) ADAM10 knockdown reduced proliferation in breast cancer cell line (MDA-MB231). MDA-MB231 was transfected with ADAM10 siRNA and were seeded (1 × 10^3^) in a 96 well plate. Cell proliferation was measured at day 4 by CCK8 assay. (mean ± SD; n = 3). Statistical analysis was performed using student t-test. \*p \< 0.05. (B) ADAM10 knockdown reduced migration of breast cancer. Cells transfected ADAM10 siRNA (1 × 10^5^) were seeded with 0.2 ml serum free medium in the upper chamber of Boyen chamber after overnight serum starvation. 0.5 ml medium supplemented with 10% FBS was added to the lower chamber. Migration was evaluated for 22 h. (C) ADAM10 knockdown effect can be reversed by sAPP overexpression. MDA-MB231 cells co-transfected with ADAM10 siRNA and sAPPα/full length (FL) construct were seeded (1 × 10^5^) with 0.2 ml serum free medium in the upper chamber of Boyen chamber after overnight serum starvation. 0.5 ml medium supplemented with 10% FBS was added to the lower chamber. Migration was evaluated for 22 h. (mean ± SD; n = 3). Statistical analysis was performed using student t-test. \*\*\*p \< 0.001; \*\*p \< 0.01; \*p \< 0.05; ns-no statistical significance. All experiments were performed at least three times.Fig. 5

3.6. Relationship of APP and ADAM10 in clinical breast cancers {#s0105}
--------------------------------------------------------------

We have observed a high level and unfavorable prognostic role of APP expression in non-luminal breast cancers \[[@bb0020],[@bb0025]\]. In order to investigate the involvement of APP processing on the prognostic role of APP, the expression of ADAM10 in a series of non-luminal breast cancers was analyzed by immunohistochemistry and correlated with APP expression and its prognosis. In total, 277 cases of non-luminal breast cancers were involved. High ADAM10 and APP expression were found in 37.8% (105/277) and 38.2% (96/251) of cancers respectively. No significant correlations were found between ADAM10 with grade, pT stage, pN stage, patients\' age, tumor size and HER2 status. A significant positive correlation was found with APP expression (p = 0.004) and a marginal significance for Ki67 (p = 0.079) ([Table 1](#t0005){ref-type="table"}). The clinico-pathological association of ADAM10 was similar to that observed for APP in our previous report \[[@bb0020]\]. Further, we have examined whether ADAM10 affected the prognostic value of APP in non-luminal breast cancers. Of note, cases co-expressing ADAM10 and APP (ADAM10^hi^ APP^hi^) showed the worst breast cancer specific survival (chi-square = 11.519, p = 0.009) and disease free survival (chi-square = 14.252, p = 0.003) compared to the ADAM10^lo^ APP^lo^ cases ([Fig. 6](#f0030){ref-type="fig"}). In contrast, those cases with high expression of either APP or ADAM10 expression did not show any significant difference.Table 1Clinico-pathological association of ADAM10 expression in non-luminal breast cancers.Table 1ADAM10 N(%)p-ValueLowHighTotalGrade15380.4262262147314181222Total172105277pT15235870.94421035415731111224639Total172103275pN085471320.98614234762231437319928Total169104273Ki67Low111561670.079[a](#tf0005){ref-type="table-fn"}High6148109Total172104276HER2Negative98691670.150Positive7436110Total172105277APPNegative110451550.004Positive514596Total16190251Patients\' ageMean55.354.854.90.662SD13.312.312.9Range23--9430--91Tumor sizeMean2.963.093.000.742SD1.431.641.51Range0.2--8.00.5--8.0[^1]Fig. 6ADAM10 and APP co-expression associated with poor outcome in non-luminal breast cancers. Disease free survival and breast cancer specific survival of non-luminal breast cancer according to combined analysis of ADAM10 and APP expression by IHC using Kaplan-meier analysis. ADAM10^hi^APP^hi^ cases (purple line) showed the worst DFS and BCSS compared to ADAM10^lo^APP^lo^ cases (blue line), ADAM10^lo^APP^hi^ cases (green line) and ADAM10^hi^APP^lo^ cases (beige line).Fig. 6

4. Discussion {#s0110}
=============

Overexpression of APP in breast cancers has been reported by us and others recently \[[@bb0010], [@bb0015], [@bb0020], [@bb0025]\]. APP has been demonstrated to mediate breast cancer cell proliferation and migration \[[@bb0010],[@bb0015],[@bb0025]\]. However, the precise mechanism of how APP is involved is not clear. It has been shown that the proteolytic products of APP processing have growth promoting qualities and regulate cell cycle in various cancers \[[@bb0030],[@bb0040],[@bb0045],[@bb0055]\]. Previous studies in breast cancer demonstrated that APP is mechanistically linked to the AKT/FOXO and AKT/GSK3-β pathways \[[@bb0010]\]. Of note, sAPPα from APP processing has also reported to stimulate AKT/GSK3β pathway in neuronal cells and consequently resulted in its neuroprotective effect \[[@bb0090]\]. For that reason, it could be of interest to investigate the role of APP processing in breast cancer. Our data indicated that the pathological role of APP in breast cancer could at least partly attributable to its proteolytic product. Knockdown of APP expression in breast cancer cells reduced in vitro and in vivo cell growth and migration. The cleavage product of APP, namely sAPPα, could contribute significantly to these effects. Overexpression of not only full length APP but also sAPPα fragment could promote cell growth and migration in breast cancer cells. Among the ADAM implicated in APP processing, ADAM 10, but not ADAM 17, was found to be essential for APP cleavage in breast cancer. Inhibition of ADAM10 expression blocked the formation of sAPPα and suppressed cell growth as well as migration. Transfection of sAPPα to ADAM10 KD cells was able to reverse some effects of ADAM10 KD. ADAM10 in APP processing could have clinical relevance. We have previously found that APP was highly expressed in non-luminal breast cancers \[[@bb0025]\]. Interestingly, in this subset of breast cancers, there was a significant correlation between APP and ADAM10 expression. More importantly, we showed that cases co-expressing ADAM10 and APP were associated with the worst outcome.

In fact, sAPPα which comprises almost the entire extracellular region has been shown to have mitogenic action in fibroblasts, colon and pancreatic cancers \[[@bb0040],[@bb0045],[@bb0095]\]. It may interact with integrin β1 leading to an increase in neurite outgrowth via integrin signaling. Moreover, sAPPα modulates PI3K/AKT-GSK3β pathway in AD model \[[@bb0090]\]. Both AKT \[[@bb0100]\] and β-integrin \[[@bb0105]\] pathways play important role in cancer cell growth and migration. In line with that, in addition to its mitogenic effect, overexpression of sAPPα can also promote breast cancer cell migration, indicating the involvement of APP processing in controlling both proliferation and migratory capacities of cancer. Yet, the precise underlying mechanisms and physiological receptor(s) interacted with sAPPα on the cell remain unclear. Of interest, the extent of the effects for full length APP and sAPPα overexpression on migration and proliferation as well as the rescue experiments appears to be different. ADAM10 mediated APP cleavage to sAPPα appeared to have a greater relative impact on migration than proliferation; vice versa for full length APP transfection. The data indicated that sAPPα cannot account for all the functional effects of APP in breast cancers and different forms of APP could be involved in different functions. Additional cellular effects of APP could confer by other metabolites or the full length protein itself. APP α-cleavage also generated APP-carboxyl terminal domain which may subsequently cleaved by γ-secretase to release AICD and extracellular P3 peptide. AICD could translocate to the nucleus, analogous to Notch receptor signaling, engaging in the regulation of gene expression. In fact, APP was shown to regulate early cell cycle progression via its C-terminal domain in lung cancer \[[@bb0030]\]. Furthermore, APP could function analogously to a G protein coupled receptor, where membrane-bound full length APP or membrane-tethered AICD facilitate interactions and the recruitment of cytosolic adaptors/effectors to promote intracellular signaling \[[@bb0110]\]. The functional role(s) of other APP metabolites or as a full-length molecule warrants further investigations in breast cancer.

Our data also suggested that ADAM10, rather than ADAM17, is required for APP processing in breast cancer and the clinical relevance of a link between APP and ADAM10. Ectodomain cleavage by ADAMs has been recognized as a key mechanism for regulating receptor functions. It is increasingly recognized as attractive novel therapeutic targets. ADAM 10 and ADAM17 are structurally and functionally related and share similar substrate in vitro, including APP \[[@bb0115]\]. Despite that, the protease specificity was tightly controlled in cancer cells as shown here by the preferential cleavage of APP by ADAM10 in the breast cancer cellular environment. Several validated cellular substrates of ADAM10 have been reported \[[@bb0120]\]. Regarding ADAM10 substrate in breast cancer, ADAM10 had mainly been examined for its role in shedding HER2 receptor ectodomain, generating a constitutively active truncated form of the receptor \[[@bb0125]\]. The ADAM10 expression is upregulated after Trastuzumab treatment and mediates resistance of cancer cells \[[@bb0130]\]. In a similar way, APP processing by ADAM10 could contribute to the etiology of breast cancer malignancy. Recently, ADAM10 has been shown to promote in vitro migration/invasion of triple negative breast cancer (TNBC) cell lines but no substrate has been identified in that study \[[@bb0135]\]. In our previous analysis, APP was found to be highly expressed in all non-luminal cancers, including both HER2-OE and TNBC \[[@bb0025]\]. Moreover, using the TNBC cell lines BT-549 and MDA-MB231, we demonstrated that ADAM10 KD could inhibit sAPPα generation. Thus, APP processing could account for at least some effects of ADAM10 in TNBCs. More importantly, the co-expression of APP and ADAM10 in non-luminal cancers (both HER2-OE and TNBCs) was associated with worse patients\' outcome, indicating the relevance of in vitro findings in clinical breast cancers. In term of therapy, ADAM10 inhibitor has been tested in phase I/II trial as a potential therapeutic target for HER2 positive breast cancer \[[@bb0140]\]. The current results may suggest a boarder application of ADAM10 inhibition also in TNBCs. In fact, inhibition of sAPPα generation by ADAM10 inhibitor has been shown to have a synergistic effect with a chemotherapeutic drug in inhibition of pancreatic cancer growth \[[@bb0050]\]. The combination treatment of sAPPα inhibition and chemotherapy may greatly reduce the dose of chemotherapy, thus could substantially reduce treatment-associated side effects in cancer patients. Interestingly, recent evidence suggested that mitogen activated protein kinase (MAPK) inhibitor could reduce shedding of APP in TNBC cell line (MDA-MB231) by promoting the binding of TIMP1 (tissue inhibitor of metalloproteinases 1) with ADAMs and subsequently inhibited their catalytic activities \[[@bb0145]\]. The data suggested sAPP processing and ADAM activity as a downstream event of MAPK signaling. In addition to MAPK, protein kinase C, phosphatidylinositol 3-kinase and cAMP signaling implicated in the regulation of the alpha cleavage process \[[@bb0150]\]. Inhibition of these pathways may also have a similar synergistic therapeutic effect with chemotherapeutic drugs.

5. Conclusions {#s0115}
==============

In summary, the results of this study and our previous work support the role of APP, in particular, its proteolytic product in breast cancer progression. Both APP and ADAM10 knockdown led to a reduction of breast cancer cell migration and proliferation. Overexpression of sAPPα showed an opposite effect. Nonetheless, sAPPα cannot fully account for all the functional effects of APP in breast cancers. Different forms of APP could contribute differently to various cellular functions. In non-luminal cancers, we found a significant correlation between APP and ADAM10 expression and co-expression of the proteins correlated with the worst outcome in patients. Here, we provide further evidence for the use of APP as a biomarker for breast cancer, whereas the combined targeting of APP and ADAM10 might be a promising target for non-luminal breast cancer therapy. The precise molecular pathway for APP/its proteolytic products in mediating the progression of breast cancers remains unknown. Better understanding the mechanisms involved may aid in exploiting APP as a novel therapeutic target in breast cancer management.

Appendix A. Supplementary data {#s0140}
==============================

Supplementary materialImage 1

Acknowledgements {#s0120}
================

This study was supported by the Health and Medical Research Fund of Hong Kong (02130746).

Funding sources {#s0125}
===============

The funding source had no involvements in study design, data collection, data analysis, data interpretation, manuscript preparation and submission.

Declaration of interests {#s0130}
========================

All authors declare no conflict of interests.

Author contributions {#s0135}
====================

JT analyzed data and wrote the paper; ML, TC, and YS performed the experiments; SKC, SYC, YN and JL collected and arranged clinicopathological data of cases; KL contributed to analyzing data and revising the manuscript; GT conceived the idea for the paper, provided guidance and critically revised the paper. All authors read and approved the final version to be published.

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.ebiom.2018.11.012>.

[^1]: Indicated features showed significant association with APP in our previous study.
